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Abstract: The present work was focused to study nanomechanical properties of ZnO thin films deposited on different 
substrates (Corning Glass and Fused Quartz) using DC-sputtering. The crystallinity and microstructure are correlated with 
process conditions and post annealing treatment in NH3 environment, which in turn affects the mechanical performance. 
The structural growth accompanied a change in crystalline nature and microstructure as the substrate is altered from 
corning glass substrate to fused quartz at similar synthesis conditions. The post deposition annealed ZnO thin films 
demonstrated agglomerated particles with no clear grain boundaries having nano-cracks present in the morphology, which 
is attributed as NH3 effect on microstructure. The mechanical properties such as hardness (6.89-7.76 GPa), Young’s 
modulus (94.9-124.6 GPa), and coefficient of friction ̴ (1.0-3.0) of ZnO thin films were measured using three sided 
pyramidal Berkovich nanoindentation. Load-unload segment of indentation curve of thin films which is measured at 
continuous loading revealed no event of discontinuity (≥ 2 nm) during loading/unloading, indicating no fracture or 
delamination during indentation.  The critical load of ZnO thin films failure was analysed using scratch testing ramp 
loading and the value of critical load was found around ̴535.6 µN to ̴668.4 µN. 
Keywords: Thin Films; Nanoindentation; Microstructure; Adhesive Strength.
 
1 Introduction 
Zinc oxide as thin films has achieved an enormous interests 
due to its multi-functionality and applicability in various 
applications [1]. The n-type inherent conductivity, wide 
band gap (Eg ̴  3.3eV), large excitonic energy (̴ 60 meV) 
and c/a ratio  ̴ 1.6018 of ZnO enable its application as 
antireflective coatings, transparent electrode in solar cells 
and grating in optoelectronics devices [1, 2]. Epitaxial 
growth of the ZnO thin films paves a way to superior 
functional properties like luminescence properties for light 
emitting diode [3]. Moreover, a buffer layer is incorporated 
as an intermediate layer between ZnO thin films and 
substrate to ensure lattice matching and chemical stability 
for ZnO thin films [4].  
Recently, a lot of focus is shown for  exploiting ZnO thin 
films in sensing applications e.g. for CO [5], ethanol 
vapours [6], hydrogen, liquid petroleum gas [7],  SF6, 
C4H10, gasoline, C2H5OH [8] and NO2 [9] etc. NH3 is a 
hazardous and toxic gas, which is regularly used in many 
industries such as manufacturing of plastics and pesticides. 
The detection of NH3 and using it in a controlled way is of 




Hence, ZnO thin films can be employed for sensing NH3  
[10, 11] due to its remarkable properties as higher 
photoelectric response with higher electron mobility and  
semi-conducting nature [12]. 
The sensing properties of ZnO films depend on change in 
response properties with the microscopic interaction of 
foreign environment e.g. NH3 etc., that interaction leads to 
change in microstructure as well. As far as thin films are 
concerned, the residual stresses and microstructure 
evolution such as size-shape and distribution of grains has a 
huge impact on underlying mechanical response. In the thin 
films, a huge proportion of particles resides at interface 
which give rise to competitive growth in particular texture 
and microstructure under the influence of surface energy 
[13].  
In thin films, for non-homogeneous growth or bi-modal 
microstructure, distinct zones have been formed and 
showed a variation in mechanical properties such as  
hardness and Young’s modulus depending upon the growth 
to processing conditions [14]. The porosity in the thin films 
can emerge as a result of shadowing effect during growth 
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and it can degrade the mechanical properties [15]. The 
crack can be induced in the coatings during plastic 
deformation in indentation, crack morphology observed to 
be dependent on grain morphology specifically grain 
boundaries as well as cohesive energy between grain 
boundary [16].   
The processing-microstructure and property are interrelated 
with each other. In this context, the crystallinity, 
microstructure and defect concentrations can be varied 
effectively by varying growth condition in synthesis 
technique [17]. The sputtering paves a way to get highly 
crystalline growth of thin films with better adhesive 
strength. There are several sputtering parameters such as 
substrate temperature, working pressure, Ar/O2 ratio, and 
substrate-target distance, which can be varied during 
synthesis. The microstructure can be manipulated at 
different tilt angle of substrate with respect to the target 
[18]. However, high quality thin films depend on growth 
mechanism, which is also connected with substrate 
properties. The corning glass and fused quartz substrate are 
cheap and of commercial interests in various potential 
application[19]. 
Recently, the surface specific analysis of elastic-plastic 
response such as hardness, Young’s modulus as well as 
adhesion between the thin films and substrate has been 
made using  Nano-indention  technique, which is 
considered to be more reliable and accurate at nano-level as 
compared to conventional measurements. Nano- scratch 
test of thin films enables to obtain failure modes (spalling, 
chipping, buckling etc.) and get critical load for thin film 
failure as well as coefficient of friction [20, 21].  For thin 
films deposited on substrates, there is a finite probability of 
overestimated or underestimated mechanical response of 
thin films dominated by substrate effect. However, a 
general approach to overcome substrate effect can be 
adopted in which the indentation depth is constrained below 
20% of thickness of films when the film thickness is less 
than 1 µm  [22]. The reliability and reuse of ZnO thin films 
based devices especially for NH3 sensing application 
depends upon its structural integrity affected by its strength, 
which is sensitive to aggressive environment. Therefore, it 
is essential to investigate the mechanical durability of thin 
films after exposure of NH3 radiation.  
The cost-effectiveness of manufacturing of ZnO thin films 
as a sensing purpose depends upon whether it can be reused 
multiple times with same mechanical strength. The present 
study is focused to study the mechanical response of films 
after post annealing treatment in ammonia environment on 
different substrates (corning glass and fused quartz). The 
ZnO films upon post-annealing treatment are characterized 
by XRD, AFM, SEM and Nanoindentation technique. The 
observed mechanical properties such as critical load for 
failure, hardness, and scratch resistance of ZnO thin films 
are correlated with micro structural morphologies 
influenced by NH3 environment.   
2 Experimental  
ZnO thin films were deposited simultaneously on corning 
glass substrate and fused quartz substrate at different 
substrate temperature (1000 C & 2000 C) using DC-
sputtering. Both substrates were put together on substrate 
holder and deposited thin films in a single run keeping 
other sputtering parameters constant except substrate 
temperature. Before deposition, substrates were cleaned 
ultrasonically in acetone for at least 15 minutes to remove 
any surface contamination layer to achieve homogenous 
growth of thin films. Circular ZnO disc was  used as target 
materials, which was prepared as mentioned in our previous 
work [23].  
The sputtering chamber was evacuated to 2×10-5 Torr to 
eliminate the residual gases in the chamber. Thereafter, 
high purity gas Ar:O2 (20:5 sccm) was introduced in to the 
chamber. Other sputtering parameters; working pressure 
Ar/O2, sputtering power were 10mTorr, 50W, respectively 
maintained at same level throughout the process. The pre-
sputtering was carried out for 10 minutes to eliminate 
surface contamination of the target. The substrate 
temperature was fixed at 1000C and 2000C, subsequently. 
2.1 Post deposition annealing in NH3 
After deposition, ZnO thin films were annealed in NH3 
atmosphere at 2 mbar chamber pressure for 1 hour duration. 
The chamber was evacuated to vacuum (10-2 torr) and 
during annealing of ZnO thin films, pure NH3 (99.99%) 
was introduced in the chamber when the required 
temperature is achieved. The annealing temperature is 
maintained same as the substrate temperature during the 
deposition process, 1000 C and 2000 C, respectively. The 
schematic of whole process presented in Fig.1. The ZnO 
thin films deposited on corning glass substrate at 1000 C, 
and 2000 C are referred as Sample-C1 and Sample-C2, 
while ZnO thin film deposited at 1000C and 2000C on fused 
quartz substrate are termed as Sample-Q1 and Sample-Q2, 
respectively.  
 
Figure 1- Schematic diagram of deposition and annealing 
process. 
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Structural properties of ZnO thin films after annealing were 
characterized by room temperature X-ray diffraction (XRD) 
measurements performed with Cu-Kα radiation using X-ray 
diffractometer (Bruker AXS, D8 Advance). Diffractograms 
recorded data in the angular range of 25-700. The structural 
analysis by XRD measurements is based upon coherently 
diffracting domains in the materials, which provide 
information as full width at half maximum (FWHM) of 
diffraction peaks along their respective positions. Scherer’s 
approach to get the grain size given in Eq. (1) depends on 
FWHM (in radians), ‘K’ is shape factor, λ is the X-ray 
wavelength and ‘θ’ is the Bragg angle. However, the 
broadening of peaks depends on several other factors in 





                                        (1) 
2.2 Nanoindentation  
Nanoindentation measurements on ZnO thin films were 
performed using Berkovich tip with a radius of ̴ 100 nm. 
Hardness, Young’s modulus, and coefficient of friction of 
ZnO thin films were obtained by Hysitron TI-950 
Nanoindentor (Triboscan. software) having the load 
resolution < 1nN, displacement resolution < 0.04 nm. The 
loading rate is maintained at the constant value 50 µN/s; 
and the holding time of 2 seconds at maximum load. The 
factors like noise, thermal drift, indenter tip geometry, pile 
up or sinking in effect, indentation size effect etc. can affect 
the measurement of mechanical properties. Indentation is 
performed in a closed chamber equipped with vibration 
isolation unit. Before performing indentation, the machine 
compliance and tip area function of indenter tip were 
calibrated on standard fused silica sample. The hardness 
and Young’s modulus of the thin films were calculated 
from load-unload curve using the Oliver and Pharr method 
[20]. However, Oliver and Pharr developed  a method for 
testing the monolithic materials but it is adopted now as a 
standard method for indentation of thin films also[24]. 
The scratch tests were performed on ZnO thin films using 
the Berkovich tip by applying a progressively increasing 
normal load 0-1000 µN with the loading rate of 33.34 µN/s 
for 30 seconds (Scratch time; 8s-38s). The objective of 
progressive normal load applied during scratch is to find 
the critical normal load at which films is detached. The 
scratch length was 10 µm (Scratch time; 8s-38s) in each 
test. The thickness and morphology of thin films are 
determined by using FE-SEM (Carl Zeiss, Ultra Plus). The 
RMS roughness and surface topography of ZnO thin films 
were characterized by using the Atomic force microscopy 
(NT-MDT Ntegra) with integrated optical view system. 
3 Result and discussion  
XRD pattern of DC-sputtered and post deposition annealed 
ZnO thin films is shown in Fig. 2. Post annealing treatment 
is used to alter the properties of ZnO thin films [25]. XRD 
patterns of ZnO thin films show a crystalline growth of thin  
 
Figure 2- XRD pattern of ZnO thin film. 
films with predominantly (002) crystal plane. However, 
presence of low peak intensity of (101) and (100) crystal 
planes originated in ZnO thin films is observed on fused 
quartz.  ZnO thin films deposited on corning glass substrate 
show a single diffraction peak and textured in (002) plane. 
XRD pattern revealed that growth of ZnO thin films along 
peak at 2θ ̴ 33.680 range corresponds to (002) plane, which 
has hexagonal crystal structure (JCPDS card 89-1397). No 
diffraction peak related to ‘N’ or its crystalline phases is 
observed within the detection limit of XRD measurement of 
ZnO thin films. It is revealed from XRD pattern that ZnO 
thin films on corning glass show high XRD peak intensity 
with exhibiting better crystallinity in c-axis orientation as 
compared to the films on fused quartz substrate. However, 
the crystallinity improved at elevated temperature 
correlated with higher thermal energy, reflects high 
adatoms mobility to achieve better crystallization [26]. The 
interaction of ad-atoms on the substrate is influenced in 
such a way that they tend to grow in a plane to minimum 
surface energy by diffusion. Drift model suggested that 
evolution of crystal plane is more favorable to grow with 
fastest rate of growth [27]. Different substrate induce a 
different final state of stress as a combination of different 
lattice mismatch effect, thermal expansion mismatch effect 
and interfacial stress which overall affect the growth of thin 
films [28]. The broadening of the peaks is attributed to the 
coherent domain size of crystallites present and stress in 
ZnO films. The Braggs angle position and (002) XRD 
peaks of annealed ZnO thin films have shifted towards 
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higher 2θ side at higher substrate temperature for corning 
glass substrate, while just reverse is observed for ZnO thin 
films deposited on fused quartz. Concomitantly, (002) 
diffraction plane emerged with  




























































higher intensity and influenced the grain growth process at 
elevated substrate temperature, where the coherent grain 
size from 15.7 nm to 22.1 nm is observed and given in 
Table 1. The lattice spacing (d002) has decreased to 2.5813 
Å close to reference set (dref =  2.6065, JCPDS card 89-
1397) of crystal structure of ZnO. Several properties of 
ZnO thin films are driven by its crystalline phase and 
crystallinity.  However, the microstructure affects its type 
of growth, density and roughness, which in turn affect 
mechanical reliability of thin films. By changing the 
processing conditions, it could lead to a slight change in 
crystallinity and microstructure, which influence 
mechanical properties of the films significantly 
3.1 Indentation and Scratch behavior of post-
deposition annealed ZnO thin films   
The mechanical performance of thin films is correlated with 
type of bonding (ionic or covalent), cohesive energy, 
fracture and deformation characteristics. The indenter 
approached downwards to make adequate plastic contact 
with surface of ZnO thin films, the interaction of indenter 
tip and material response at a particular load is estimated 
using loading-displacement curve. Initially, thin films tend 
to deform elastically until complex stress (internal as well 
as applied by indenter) is greater than film yield strength 
and subsequently the plastic deformation takes place. The 
deformation characteristics during loading–unloading of the 
ZnO thin films at different deposition conditions are shown 
in Fig. 3. The load-displacement curve are recorded during 
indentation are continuous and consistent without any 
major discontinuity (≥ 2 nm) during either loading or 
unloading of indenter. So, no fracture or delamination event 
of films is observed, neither pop-in nor pop-out during 
loading or unloading segment in indentation process. 
However, the presence of saw type serrations in loading 
curve implies the effect of shear band nucleation and 
propagation, which is generally loading rate dependent 
[29].  
 
Figure 3- The Loading-Unloading Curves of ZnO thin 
films. 
For the reliable results, at least 10 indents were taken on 
each sample having the spacing of 20 µm to avoid the 
effect of pre-indent morphology. The hardness and Young’s 
modulus are provided after multi-curve analysis and 
averaging with standard deviation as shown in Table 2. 
ZnO in bulk state shows anisotropic mechanical properties, 
a-plane & c-plane ZnO show  hardness and Young’s 
modulus of 2.2 ± 0.2 GPa,  4.8 ± 0.2 GPa, 163 ± 6 GPa and 
143 ± 6 GPa, respectively [30]. The ZnO thin films show 
hardness value of roughly 6-10 GPa depending upon their 
crystallinity and microstructure[30, 31]. However, in the 
present work, variation in hardness is found to be 6.89 to 
7.76 GPa and almost similar for ZnO thin films deposited 
on fused quartz as well as corning glass. It reveals that 
substrate effect is less significant up to the indentation 
penetration depth up to 20 percent to the total thickness of 
ZnO thin films. It is noteworthy that although the variation 
in hardness is slight but standard deviation is reduced at 
higher temperature, indicating the uniformity in hardness 
throughout the films.  It is well known that wear is 
predominately dependent on hardness of materials, 
however, recent study revealed that the wear behavior is 
also predicted by hardness to Young’s modulus ratio, 
‘plasticity index’ as compared to hardness only [32]. The 
high H/E index indicates better wear resistance properties. 
In the present case of ZnO thin films, H/E ratio is given in 
Table 2.  
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For any practical application of thin films, a threshold level 
of adhesive strength should be achieved for the successful 
operation of devices. The scratch under ramp loading 
induces an increasing amount of normal mechanical force 
to detach the coating termed as critical load of coating 
shown in the Fig. 4 [21].  
 
 
Table-2: Mechanical parameter and roughness of films 
S.No 














1 Corning glass (1000C) C1 7.34±1.02 119.07±12.37 540.6 .061 4.7 
2 Corning glass (2000C) C2 6.9±0.27 94.95±5.02 661.3 .072 2.72 
3 Fused Quartz (1000C) Q1 6.89±0.62 95.98±6.47 668.4 .072 23.5 
4 Fused  Quartz (2000C) Q2 7.76±0.27 124.63±10.97  535.6 .062 7.3 
 
Figure 4- The Lateral force and respective normal force of 
ZnO thin films. 
During the scratch testing, indenter tip and film surface was 
in relative motion and experience a tribological response in 
terms of friction depend upon underlying film materials and 
contact mechanics of indenter. The coating-substrate 
correlated properties are influenced by interfacial stress, 
coating thickness and coefficient of friction, which 
influences the critical load. The complex stress state 
developed during scratch depends on normal load, indenter 
dynamics as well as internal stress state in the coating [33]. 
The adhesion of the thin films itself depends upon of 
adhesion between substrate to film as well as cohesive 
nature of film materials. The microstructure and 
crystallinity correlated each other to influence adhesive 
strength [34]. If distribution of the oxygen throughout the 
lattice in ZnO is changed, the bonding nature of ZnO is 
altered as well as the ionic character is changed 
substantially, which can lead to distortion of bonds [35]. 
The critical load for the post deposition annealed ZnO film 
failure is varied from 535.6 µN to 668.4 µN, however in  
previous reported literature on ZnO thin film without NH3 
radiation have higher adhesive strength indicating that in 
present work films become more prone to fracture and 
delamination after NH3 exposure [23, 36]. The cohesive 
nature of the films is reduced after NH3 exposure. It is 
noteworthy that maximum load at indentation is 400 µN at 
which there is no significant fracture or delamination; 
however during scratch ZnO thin films show poor 
adherence and critical load for coating failure varied from 
535.6 µN to 668.4 µN. The difference between indentation 
load and critical load is not much; this is attributed as the 
effect of frictional stored energy by lateral forces. So, 
indentation load ought to be higher to invoke delamination 
as compared to frictional forces [37].  
The initial part of the scratch is rather dependent on the 
surface asperities and surface layer behavior shown in the 
Fig. 5. The coefficient of friction is the ratio between lateral 
forces and normal forces, both forces vary too much extent 
during initial phase of scratch due to lack of appropriate 
contact of tip with film surface.  
 
Figure 5- Coefficient of friction of ZnO thin films. 
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The plastic sliding of indenter takes place, when the higher 
normal load applied and indenter moves down to deeper 
normal penetration depth, the plastic-friction effect 
becomes well pronounced. Afterwards, the coefficient of 
friction is oscillating within steady state during scratch until 
any discontinuity occurred. The oscillation is considered 
due to the stick slip motion of the indenter. However, the 
stick-slip mechanism including stick-slip amplitude and 
stick-slip frequency relies on velocity of tip sliding, rough 
surface and phase transitions and fracture event primarily 
[38]. The average value of coefficient of friction lies 
between 0.1 to 0.3 shown in Fig. 5.   
3.2 Surface Morphology and Roughness 
NH3 gas, which is considered as reducing gas introduced 
into chamber at different temperature interact with surface 
oxygen. Generally, when ZnO thin films are exposed to 
external environment, oxygen is adsorbed to the film 
surface. The interaction of NH3 with adsorbed oxygen took 
place [12]. During the treatment of ammonia gas, nitrogen 
atom may incorporate into ZnO microstructure, this lead to 
change in chemical enviourment around Zn [39].  
This affect the bonding state between Zn and O, the overall 
effect of ammonia treatment induce a change in 
microstructure. The nano-tribological performance of 
coatings depends upon grain to grain distribution and 
asperities to asperities in the coated surface.  Shear forces 
and fracture are responsible for the nucleation and 
propagation of the crack. However, critical load of failure 
also depends upon the pre-existing defect, voids or cracks 
along with other film properties.  Sometime, the fracture 
load can vary a factor of 10 depending upon the coating 
thickness and other properties [40].  
The micro structural features of ZnO thin films are 
characterized through FE-SEM and AFM. The surface 
morphology of ZnO thin films on corning glass/fused 
quartz is shown in Fig. 6. It is clear from this Fig. 6   that 
ZnO thin films show non-uniform distribution of grains, 
which is agglomerated to specific areas throughout 
morphology without clear grain boundaries. At low 
substrate temperature of deposition, the agglomerates of 
grains are more pronounced in the morphology. The 
presence of voids and nano-crack at the surface of film 
indicate loss of adhesive strength in the film, eventually, 
these nano-cracks extend to cause delamination of films 
under local stress applied by indenter. As ZnO thin films 
deposited on both corning glass and fused quartz 
simultaneously, the thickness of the films was analysed 
after fracturing the films through cross-sectional analysis as 
given in Table 1. 
The AFM measurements involved finding presence of 
domes and crater on the films surface shown in the Fig. 7 
through tapping mode. Roughness is one of the primary 
parameters that can affect mechanical properties of films, 
as all surfaces (tip and film surface) have a finite value of 
roughness when the indenter comes in contact with coating. 
It initially interacts first the asperities, as the indenter 
approaches to surface by deforming the asperities, the 
contact mechanics and average stress distribution changes. 
The friction coefficient depends on the statistical 
distribution of contact between different asperities. So, 
initially the major scratch behavior is contributed by the 
roughness, frictional forces show complex nature in this 
segment. However, apart from initial condition, the 
frictional forces is the sum of normal forces as well as 
tangential forces [41].     
 
Figure 6- FESEM micrographs of ZnO thin films. 
 
Figure 7- AFM micrographs of ZnO thin films. 
4 Conclusion  
DC sputtering was used to deposit crystalline ZnO thin 
films on corning glass and fused quartz substrate at same 
synthesis condition followed by post annealing in pure 
NH3. The mechanical properties of films are investigated 
by continuous indentation cycle and scratch testing under 
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ramp load. The following conclusions are made based on 
the present work. 
 The ZnO thin films were successfully deposited using 
DC-sputtering which is predominately c-axis oriented 
and grain size varied from 15.7 nm to 22.1 nm, it 
increases at elevated temperature with better 
crystallinity. The crystalline growth of ZnO thin films 
has varied and shown a marked influence underlying 
substrate.  
 The morphology and surface topography revealed that 
distribution of grains at surface has varied with 
synthesis conditions. The morphology of ZnO thin 
films having voids and nano-cracks distributed to 
specific areas in the morphology. 
 The RMS roughness of ZnO thin films has decreased 
(2.7 nm at corning glass, 7.3 nm at fused quartz) with 
denser and uniform grains at high substrate 
temperature. 
 There is no observation of major sudden discontinuity 
neither in loading segment nor in unloading segment 
during the indentation process.  It reveals that films 
can withstand at the maximum load of 400 µN without 
fracture or delamination. 
 The critical load of failure of post deposition annealed 
ZnO thin films is varied between around ̴535.6 µN 
to ̴668.4 µN and follows the H/E ratio.  
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